Ramadoss J, Magness RR. Multiplexed digital quantification of binge-like alcohol-mediated alterations in maternal uterine angiogenic mrna transcriptome. Physiol Genomics 44: 622-628, 2012. First published April 24, 2012 doi:10.1152/physiolgenomics.00009.2012.-Genomic studies on fetal alcohol spectrum disorders (FASD) have utilized either genome-wide microarrays/bioinformatics or targeted real-time PCR (RT-PCR). We utilized herein for the first time a novel digital approach with high throughput as well as the capability to focus on one physiological system. The aim of the present study was to investigate alcohol-induced alterations in uterine angiogenesisrelated mRNA abundance using digital mRNA technology. Four biological and three technical replicates of uterine arterial endothelial cells from third-trimester ewes were fluorescence-activated cell sorted, validated, and treated without or with binge-like alcohol. A capture probe covalently bound to an oligonucleotide containing biotin and a color-coded reporter probe were designed for 85 angiogenesis-related genes and analyzed with the Nanostring nCounter system. Twenty genes were downregulated (2) and two upregulated (1), including angiogenic growth factors/receptors (2placental growth factor), adhesion molecules (2angiopoietin-like-3; 2colla-gen-18A1; 2endoglin), proteases/matrix proteins/inhibitors (2alanyl aminopeptidase; 2collagen-4A3; 2heparanase; 2plasminogen, 1plasminogen activator urokinase; 2platelet factor-4; 2plexin domain containing-1; 2tissue inhibitor of metalloproteinases-3), transcription/signaling molecules (2heart and neural crest derivatives-2; 2DNA-binding protein inhibitor; 2NOTCH-4; 2ribosomal proteinL13a1; 2ribosomal protein large-P1), cytokines/chemokines (2in-terleukin-1B), and miscellaneous growth factors (2leptin; 2platelet-derived growth factor-␣); 2transforming growth factor (TGF-␣; 1TGF-␤ receptor-1). These novel data show significant detrimental alcohol effects on genes controlling angiogenesis supporting a mechanistic role for abnormal uteroplacental vascular development in FASD. The tripartite digital gene expression system is therefore a valuable tool to answer many additional questions about FASD from both mechanistic as well as ameliorative perspectives. fetal alcohol spectrum disorders; pregnancy; alcohol; genomics FETAL ALCOHOL SPECTRUM DISORDERS (FASD) refers to the set of deficits observed in the fetus or the offspring exposed to alcohol in utero (50). Since the recognition of prenatal alcoholinduced malformations in children (27), four decades of clinical, animal model, and cell culture system-based research has demonstrated alcohol effects on numerous physiological systems spanning neural development and function (1, 19, 49) , cardiovascular (4, 8, 52), endocrine (10, 58), immune (60), nutrient homeostasis (47), and utero-placental (14, 16, 24, 44) systems. Multiple important mechanisms have been proposed for these deficits including altered fetal and uteroplacental angiogenesis, i.e., formation of new blood vessels from existing ones.
Genomic studies on fetal alcohol spectrum disorders (FASD) have utilized either genome-wide microarrays/bioinformatics or targeted real-time PCR (RT-PCR). We utilized herein for the first time a novel digital approach with high throughput as well as the capability to focus on one physiological system. The aim of the present study was to investigate alcohol-induced alterations in uterine angiogenesisrelated mRNA abundance using digital mRNA technology. Four biological and three technical replicates of uterine arterial endothelial cells from third-trimester ewes were fluorescence-activated cell sorted, validated, and treated without or with binge-like alcohol. A capture probe covalently bound to an oligonucleotide containing biotin and a color-coded reporter probe were designed for 85 angiogenesis-related genes and analyzed with the Nanostring nCounter system. Twenty genes were downregulated (2) and two upregulated (1), including angiogenic growth factors/receptors (2placental growth factor), adhesion molecules (2angiopoietin-like-3; 2colla-gen-18A1; 2endoglin), proteases/matrix proteins/inhibitors (2alanyl aminopeptidase; 2collagen-4A3; 2heparanase; 2plasminogen, 1plasminogen activator urokinase; 2platelet factor-4; 2plexin domain containing-1; 2tissue inhibitor of metalloproteinases-3), transcription/signaling molecules (2heart and neural crest derivatives-2; 2DNA-binding protein inhibitor; 2NOTCH-4; 2ribosomal proteinL13a1; 2ribosomal protein large-P1), cytokines/chemokines (2in-terleukin-1B), and miscellaneous growth factors (2leptin; 2platelet-derived growth factor-␣); 2transforming growth factor (TGF-␣; 1TGF-␤ receptor-1). These novel data show significant detrimental alcohol effects on genes controlling angiogenesis supporting a mechanistic role for abnormal uteroplacental vascular development in FASD. The tripartite digital gene expression system is therefore a valuable tool to answer many additional questions about FASD from both mechanistic as well as ameliorative perspectives. fetal alcohol spectrum disorders; pregnancy; alcohol; genomics FETAL ALCOHOL SPECTRUM DISORDERS (FASD) refers to the set of deficits observed in the fetus or the offspring exposed to alcohol in utero (50) . Since the recognition of prenatal alcoholinduced malformations in children (27) , four decades of clinical, animal model, and cell culture system-based research has demonstrated alcohol effects on numerous physiological systems spanning neural development and function (1, 19, 49) , cardiovascular (4, 8, 52) , endocrine (10, 58) , immune (60) , nutrient homeostasis (47) , and utero-placental (14, 16, 24, 44) systems. Multiple important mechanisms have been proposed for these deficits including altered fetal and uteroplacental angiogenesis, i.e., formation of new blood vessels from existing ones.
Gestational uterine angiogenesis is an important vascular adaptation that occurs to meet the nutrient and substrate requirement of the developing fetus and has important implications for fetal growth and development (34, 45, 61) . The angiogenic process is initiated and regulated by the coordinated activity of numerous angiogenic growth factors, adhesion molecules, extracellular matrix proteins, transcription factors, signaling molecules, cytokines, and chemokines (61) . Few reports exist on maternal alcohol effects on angiogenesis per se. For instance, a human prenatal alcohol study on embryos and fetuses from terminated pregnancies showed a significant decrease in many angiogenic indexes, including the mean brain vessel cross-sectional area and vessel perimeter by the 11th wk of gestation (51) . In rats, one particular study showed a decrease in the capillary density of the dentate gyrus of the fetal hippocampal formation but not in the cerebellum (29) . Alcohol is also reported to inhibit estrogen-induced ovine uterine artery endothelial proliferation (43) . In a chick extraembryonic model, numerous angiogeneic genes were dosedependently downregulated including basic fibroblast growth factor (FGF), vascular endothelial growth factor (VEGF), VEGF family (Fms-related tyrosine) kinase (FLT)-1, and Flk-1 with perturbation of angiogenic processes with moderate and heavy alcohol doses (54) . However, none of these studies have utilized a global genomic approach to assess effects of alcohol on angiogenesis during gestation nor taken advantage of highthroughput methodologies like genomics and proteomics that have the potential to yield a wealth of information on the underlying mechanisms.
Genomic studies in FASD have utilized the microarray technology, computational bioinformatics or real-time PCR (RT-PCR) (20, 22, 46, 48) . Microarrays and bioinformatics are global genome-wide approaches, whereas RT-PCR is an extremely targeted method of profiling with both platforms having little utility to assess specific physiological functions. Therefore, bridging the gap between microarrays and RT-PCR, we utilized a multiplexed tripartite high-throughput quantitative digital mRNA approach for simultaneously studying the expression of 85 genes but focusing on one physiological system, i.e., uterine angiogenesis. In the current study, we examined the effects of chronic binge-like alcohol on maternal uterine angiogenic mRNA transcriptome using the digital mRNA technology. In this method, the total RNA is hybridized with gene-specific capture probes that are covalently bound to biotin-containing oligonucleotides and color-coded reporter probes forming a tripartite complex, to directly provide the total number of transcripts (15) . The digital mRNA method thus eliminates cDNA synthesis, enzymatic reactions, amplification, or bias and has a sensitivity greater than microarrays and similar to TaqMan-PCR (15, 41) . In this study, we examined uterine angiogenesis during the third-trimester equivalent of human gestation, a period highly sensitive to alcohol exposure (9, 31, 59) .
MATERIALS AND METHODS
Alcohol dosing. The Animal Care and Use Committee of the University of Wisconsin-Madison approved procedures for obtaining uterine arteries from pregnant ewes (day 120 -130, term ϭ 147) for endothelial cells isolation using collagenase digestion procedures (2) . Four biological replicates (cell lines derived from four different pregnant ewes) and three technical replicates were utilized. Thus, 12 Control and 12 Alcohol treatment group samples were utilized for the 24 hybridization reactions. Samples were not pooled. The procedure for alcohol binging has been described elsewhere (44) . In brief, cells were purified by fluorescence-activated cell sorting, devoid of vascular smooth muscle cell contamination, and maintained in culture to passage 4. Cells were cultured to ϳ70% confluence in the absence (0 mg/dl, Control) or presence of alcohol (300 mg/dl), a dose similar to the peak blood alcohol concentrations in previous ovine in vivo as well as cell culture system-based FASD studies (9, 43, 44, 59) . Cells were exposed to a 2 wk binge-like paradigm of alcohol exposure in a sealed compensating system equilibrated with aqueous alcohol for 3 h on 3 consecutive days for 2 wk (13, 59), a pattern common among drinking women of childbearing age (5, 18, 35) . Cell viability was validated prior to commencement of the study. At the end of the experiment, the endothelial cells were scraped and collected in RNeasy Mini lysis buffer (Qiagen, Valencia, CA).
Design of gene-specific probes. We selected 85 angiogenic genes and five housekeeping genes based on previously published reports (25, 30) , and gene-specific probes were constructed as described in the Supplementary Information. 1 All targets were either RefSeq Ovis aries records or O. aries expressed sequence tag sequences that have sequence identity to Bos taurus orthologs. The gene identifier, accession number, targeted region, target sequence, melting temperatures, and the respective gene name are specified in the Supplementary Information.
Reporter and capture probe construction. Details on the reporter and capture probe construction have been previously described (17) . In brief, the reporter backbone consisted of a single-stranded DNA substrate with four 15-base repeats at the 5= end. The backbone was then annealed to fluorescently labeled amino-allyl-labeled RNA transcripts coupled to a fluorophore (Alexa 488/594/647 or Cy3). Genespecific probes annealed to a bridge oligonucleotide were then ligated to the reporter backbone to make a DNA/RNA double-stranded hybrid. This step was followed by affinity purification using magnetic beads coupled to oligonucleotides complementary to the 5= end. Each labeled region was a 300 nm spot in an epifluorescent microscope. For capture probes, the gene-specific probes annealed to a bridge oligonucleotide were ligated to 3= repeats (two 15-base repeats) linked to a biotin molecule. Each capture probe was then affinity purified with magnetic beads coupled to oligonucleotides complementary to the 3= end. Selection and screening were performed to eliminate long direct and inverted repeats, high GC content, and long poly-C stretches followed by cross hybridization screening with the National Center for Biotechnology's basic local alignment search tool.
Tripartite hybridization. We incubated 100 pM of capture probe, 25 pM reporter probe, 5ϫ saline sodium phosphate EDTA buffer (pH, 7.5), 3 l of uterine artery endothelial cell lysate (3 technical replicates, 4 pairs of biological replicates), and 6 positive and 8 negative control probe pairs at 65°C in a thermocycler block for 20 h (17). As previously described, unhybridized reporter and capture probes were removed via affinity purification with 3= repeat complementary sequence followed by 5= (17) . Samples were driven through a channel in Nanostring fluidic device (has streptavidin) and washed with Tris-acetate EDTA. Reporters were then stretched using 160 V/cm for 1 min in the channel and immobilized, and Slowfade reagent was added. Imaging was performed using Nikon Eclipse TE2000E, 1.4 NA, Plan APO VC 60X, oil with a digital analyzer, and the mRNA transcripts were counted (17) . The data were then normalized to the average counts for all control spikes in each sample and to the geometric mean of five housekeeper genes (actin-␤, ␤2-microglobulin, glyceraldehyde-3-phosphate dehydrogenase, hypoxanthine phosphoribosyltransferase 1, and lactate dehydrogenase A).
Statistics. The number of transcripts were log transformed and then compared between the Control (n ϭ 4) and Alcohol groups (n ϭ 4) using a paired Student's t-test. ␣-Level of significance was established a priori at P Ͻ 0.05.
RESULTS
We analyzed 16 growth factors that directly promote angiogenesis including angiopoietin 1, connective tissue growth factor, FGF 1 and 2, FGF receptor 3, FLT-1, kinase insert domain receptor (KDR), VEGF A, B, C, and D, Jagged 1, neuropilin 1, placental growth factor, and tyrosine kinase-endothelial (Fig. 1 ). Of these, alcohol significantly decreased only placental growth factor (P ϭ 0.036). 1 The online version of this article contains supplemental material. We analyzed 10 adhesion molecules associated with angiogenesis including angiopoietin-like 3, collagen 18A1, desmoglein 2 (CDHF 5), endoglin, integrin ␣5, integrin ␣V, integrin ␤3, laminin ␣5, neuropilin 2, and stabilin 1 (Fig. 2) . Of these, three were significantly decreased in response to alcohol including angiopoietin-like 3 (P ϭ 0.007), collagen 18A1 (P ϭ 0.031), and endoglin (P ϭ 0.032).
We analyzed 19 angiogenesis-related proteases, matrix proteins, and inhibitors including alanyl (membrane) aminopeptidase, angiopoietin-like 4, collagen 4A3, heparanase, matrix metallopeptidase 2, matrix metallopeptidase 9, matrix metallopeptidase 19, plasminogen activator urokinase, plasminogen, platelet factor 4, plexin domain containing 1, serpin B5, serpin F1, thrombin, tissue inhibitor of metalloproteinases (TIMP) 1, 2, and 3, thrombospondin 1 and 2 (Fig. 3) . Of these, alcohol significantly decreased alanyl (membrane) aminopeptidase (P ϭ 0.008), collagen 4A3 (P ϭ 0.010), heparanase (P ϭ 0.041), plasminogen (P ϭ 0.002), platelet factor 4 (P ϭ 0.008), plexin domain containing 1 (P ϭ 0.037), and TIMP 3 (P ϭ 0.014) and increased plasminogen activator urokinase (P ϭ 0.019).
We studied 17 transcription factors and signaling molecules associated with angiogenesis including angiopoietin 2, AKT 1, endothelial PAS domain protein 1, ephrin A1, ephrin A3, ephrin B2, ephrin receptor B4, heart and neural crest derivatives (HAND) 2, hypoxia-inducible factor 1 alpha, DNA-binding protein inhibitor (ID) 1, ID 3, mitogen-activated protein kinase (MAPK) 14, NOTCH 4, prostaglandin-endoperoxide synthase 1, ribosomal protein L13a, ribosomal protein large P1, and sphingosine kinase 1 (Fig. 4) . Of these, five were significantly decreased including HAND 2 (P ϭ 0.033), ID 1 (P ϭ 0.013), NOTCH 4 (P ϭ 0.016), ribosomal protein L13a (P ϭ 0.014), and ribosomal protein large P1 (P ϭ 0.016).
We examined 11 cytokines and chemokines related to angiogenesis including chemokine ligand 1, chemokine ligand 2, chemokine ligand 5, chemokine ligand 9, chemokine ligand 10, interferon gamma, interleukin 1B, interleukin 6, interleukin 8, tumor necrosis factor (TNF), and TNF ␣-induced protein (␣-Ip)2 (Fig. 5 ). Of these, only interleukin 1B (P ϭ 0.037) was significantly decreased by alcohol.
We also analyzed 13 miscellaneous angiogenic growth factors including ephrin A5, hepatocyte growth factor, insulin-like growth factor 1, leptin, midkine (neurite growth-promoting factor 2), natriuretic peptide receptor 1, platelet-derived growth factor (PDGF)-␣, sphingosine-1-phosphate receptor 1, transforming growth factor (TGF)-␣, TGF-␤1, TGF-␤2, TGF-␤3, and TGF-␤ receptor 1 (Fig. 6 ). Of these, leptin (P ϭ 0.016), Fig. 2 . Effect of chronic binge-like alcohol on the number of adhesion molecule transcripts associated with angiogenesis. Out of the 10 genes analyzed, alcohol decreased angiopoietin-like 3 (P ϭ 0.007), collagen 18A1 (P ϭ 0.031), and endoglin (P ϭ 0.032) mRNA expression. Data are log transformed and presented as means Ϯ SE. *Significant difference between Control and Alcohol groups. Fig. 3 . Effect of chronic binge-like alcohol on the number of angiogenesisrelated proteases, matrix proteins, and inhibitor transcripts. Out of the 19 genes analyzed, alcohol decreased alanyl (membrane) aminopeptidase (P ϭ 0.008), collagen 4A3 (P ϭ 0.010), heparanase (P ϭ 0.041), plasminogen (P ϭ 0.002), platelet factor 4 (P ϭ 0.008), plexin domain containing 1 (P ϭ 0.037), and tissue inhibitor of metalloproteinases (TIMP) 3 (P ϭ 0.014) and increased plasminogen activator urokinase (P ϭ 0.019) mRNA expression. Data are log transformed and presented as means Ϯ SE. *Significant difference between Control and Alcohol groups.
PDGF-␣ (P ϭ 0.011), and TGF-␣ (P ϭ 0.045) were decreased, whereas TGF-␤ receptor 1 (P ϭ 0.021) was increased.
DISCUSSION
This is the first study to utilize the technology of tripartite multiplexed digital mRNA in the field of FASD. Results from these data suggest that alcohol has detrimental effects on uterine angiogenesis, as overall 20 angiogenesis-related genes were downregulated and two genes upregulated. From a technical perspective, the current study is significant as tripartite multiplexed digital PCR technology is considered a state-ofthe-art method that provides a digital count of the number of transcripts for multiple genes; at the same time we targeted one physiological system, thus bridging the gap between microarray technique and the highly specific RT-PCR (15) . In addition, this technology has the capability to measure less abundant targets (as low as 0.5 fM of mRNA) (15, 41) . The technique is also reported to have a high level of linearity and reproducibility (17) .
So far in the field of FASD, few studies have utilized highthroughput techniques. Genomic studies in FASD have utilized the microarray technology, computational bioinformatics, or RT-PCR. In a mouse model of FASD, gene expression profiling utilizing Perkin-Elmer and Affymetrix platforms demonstrated substrain-specific metabolic and cellular reprogramming in the embryonic headfold (20) . Hard and coworkers (22) , again in mice, used microarray to identify 25 genes that were all downregulated in the developing brain. In rats, a microarray study of 28,000 genes was conducted; 304 placental genes were altered by greater than twofold by alcohol (46) . Utilizing a computational gene expression mining approach, a study illustrated candidate pathways including TGF-␤ and MAPK signaling (32) . Another study using mathematical modeling of microarray gene expression data from alcohol-treated mouse embryos identified candidate transcription factor and microRNA binding sites (56) . RT-PCR has also been utilized; Shukla et al. (48) showed alteration in thyroid and glucocorticoid system-associated mRNAs in the placenta of rats exposed to alcohol during gestation. Thus, it can be noted that both these reports have utilized a global mining approach, like the microarrays and bioinformatics, or an extremely targeted approach, like RT-PCR. We herein have utilized the multiplexed high-throughput quantitative digital mRNA technology that is neither as nonspecific as the microarray platform nor as limiting as the RT-PCR (15) . Thus, the current study is the first Fig. 5 . Effect of chronic binge-like alcohol on the number of cytokines and chemokine transcripts related to angiogenesis. Out of the 11 genes analyzed, interleukin 1B (P ϭ 0.037) alone was significantly decreased by alcohol. Data are log transformed and presented as means Ϯ SE. *Significant difference between Control and Alcohol groups. targeted report that utilizes a high-throughput methodology for global alterations in gene expression and to closely examine one particular physiological phenomenon, i.e., uterine angiogenesis.
Herein we show that alcohol potentially has detrimental effects on uterine angiogenesis during pregnancy. Our findings in general are in agreement with other reports on effects of prenatal alcohol exposure on placental and fetal angiogenesis. Human clinical studies show alteration in angiogeneic indexes such as mean vessel cross-sectional area and perimeter in the fetal brains (51) . In rats, Kelly and coworkers (29) showed altered microvascularity in pups exposed to alcohol during the third-trimester equivalent of human gestation. Another study in rats showed that alcohol impairs placentation and prevented the conversion of uterine vessels and attributed these deficits to altered trophoblast aspartyl-(asparaginyl) ␤-hydroxylase levels (21) . In sheep, it has been demonstrated that estradiol-17 ␤-induced uterine endothelial proliferation is decreased in response to alcohol (43) . In a chick model of FASD, Tufan and Satiroglu-Tufan (54) demonstrated alcohol-induced deficits in extraembryonic vascular development and attributed these effects to oxidative stress, angiogenic growth factors, and their receptors. In summary, chronic binge-like alcohol exposure has significant negative effects on uterine angiogenic genes during pregnancy. As these genes control the regulation of angiogenesis including endothelial proliferation, migration, and extracellular matrix remodeling, these data provide important genomic information on alcohol-induced alterations to uteroplacental angiogenesis and gestational vascular adaptations.
Among direct angiogenic factors, only placental growth factor was significantly decreased in response to alcohol. Placental growth factor along with VEGF A and B acts via the VEGF receptor FLT 1, and amplifies the response to VEGF (7) . VEGF A, C, and D, as well as Flt 1 and KDR were not altered in the current study. Though we did not consider statistical trends, it was interesting to note that VEGF B tended to be decreased (P ϭ 0.054) in response to alcohol. Among adhesion-associated genes, angiopoietin-like 3, collagen 18A1, and endoglin were decreased. We show herein that angiopoietin-like 3, a factor that promotes angiogenesis with its fibrinogen-like domain, is expressed outside the liver (23), i.e., in the uterine vasculature. Collagen 18A1 may have a mixed role in angiogenesis, as it is important for cell polarity and differentiation while its COOH terminus produces endostatin, an inhibitor of angiogenesis (40) . Endoglin is an essential angiogeneic member that has been implicated in vascular development diseases including pre-eclampsia (53) . Among proteases, inhibitors, and matrix proteins that were decreased in response to alcohol in the present study, alanyl (membrane) aminopeptidase activity is known to be altered in adult male synaptosomes by alcohol (37); collagen 4A3 promotes nitric oxide-induced angiogenesis (57); heparanase induces angiogenesis via possibly basic FGF (12); plasminogen and urokinase are directly involved in extracellular matrix remodeling (39, 42) ; platelet factor 4 inhibits FGF 2 and VEGF binding to their respective receptors (28) ; plexin domain containing 1 is one of the plexin family members that directly promote angiogenesis (38) ; and TIMP 3 plays an important role in vascularization by affecting the extracellular matrix (26) . Among transcription factors and signaling molecules decreased in response to alcohol in the current study, HAND 2 is one of the genes downregulated by alcohol in placenta (46); ID 1 is important for branching and sprouting of blood vessels (33); NOTCH 4 specifies arterial fate and suppresses venous differentiation (6); and ribosomal protein L13a1 and ribosomal protein large P1 are part of the translational machinery. Furthermore, these alcohol-induced alterations in transcription factors and signaling molecules might regulate the expression of other genes. Among cytokines and chemokines, interleukin 1B, a factor that increases VEGF expression, and its receptors were alone downregulated in the current study (36) . Among miscellaneous angiogenesis-related growth factors that were decreased in this study, leptin generates a growth signal and thus promotes angiogenesis (3), PDGF-␣ is a mitogenic growth factor (11) , and TGF-␣ is a cell survival growth factor through which TGF-␤ promotes angiogenesis (55) . In contrast, TGF-␤ receptor 1 was significantly increased, and we reason that the increase was possibly a compensatory response to the decreases in the ligand gene expression levels.
We conclude that tripartite digital gene expression system provides a valuable tool to answer many additional questions of FASD from both mechanistic as well as ameliorative perspectives. Furthermore, these data clearly establish that chronic binge-like alcohol has negative effects on many genes related Fig. 6 . Effect of chronic binge-like alcohol on the number of miscellaneous angiogenic growth factor transcripts. Out of the 13 genes analyzed, alcohol decreased leptin (P ϭ 0.016), platelet-derived growth factor-␣ (P ϭ 0.011), transforming growth factor (TGF)-␣ (P ϭ 0.045) and increased TGF-␤ receptor 1 (P ϭ 0.021) mRNA expression. Data are log transformed and presented as means Ϯ SE. *Significant difference between Control and Alcohol groups.
to uterine angiogenesis and thus may impair important gestational adaptations that are required for fetal growth and development.
